Direct shear and consolidation tests of undisturbed loess by Olson, Gerald Rudolph
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1-1-1958
Direct shear and consolidation tests of undisturbed
loess
Gerald Rudolph Olson
Iowa State College
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Engineering Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Olson, Gerald Rudolph, "Direct shear and consolidation tests of undisturbed loess" (1958). Retrospective Theses and Dissertations.
18719.
https://lib.dr.iastate.edu/rtd/18719
DIRECT SHEAR AND CONSOLIDATION TESTS 
OF UNDISTURBED LOESS 
by 
Gerald Rudolph Olson 
A Thesis Submitted to the 
Graduate Faoulty in Partial Fulfillment of 
The Requirements for the Degree ot 
MASTER OF SCIENCE 
Major Subjeot: Soil Engineering 
Signatures have been redacted for privacy 
Iowa State College 
Ames, Iowa 
19.58 
ii 
TABLE OF CONTENTS 
Page 
I. INTRODUCTION. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 1 
II. REVIEW OF LITERATURE ••..••••••.••••••••••••• 4 
III. 
IV. 
A. Shearing Strength of Loess •••••••••••• 4 
B. Consolidation of Loess •••••••••••••••• 7 
C. Other Properties of Loess ••••••••••••• 11 
SOILS • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
TESTING PROCEDURE ••••••••••••••••••••••••••• 
13 
17 
A. Obtaining Test Specimens •••••••••••••• 17 
B. Direct Shear Test ••••••••••••••••••••• 18 
1. Apparatus •••••••••••••••••••••• 18 
2. Test ••••••••••••••••••••••••••• 21 
C. Consolidation Test •••••••••••••••••••• 22 
1. Apparatus •••••••••••••••••••••• 22 
2. Test ••••••••••••••••••••••••••• 23 
V. HESULTS A ND DISCUSSION ON SHEARING STRENGTH.. 27 
A. Stress-Strain Relationship •••••••••••• 27 
B. Angle of Shearing Resistance •••••••••• 30 
C. Cohesion •••••••••••••••••••••••••••••• 37 
D. Moisture Content •••••••••••••••••••••• 39 
E. Design Values ••••••••••••••••••••••••• 41 
VI. RESULTS A~!) DISCUSSION ON CONSOLIDATION ••••• 43 
A. Low Density Loess ••••••••••••••••••••• 43 
B. Preconsolidation of Low Density Loess •• 48 
C. Medium Density Loess •••••••••••••••••• 50 
D. SUIDIIlary. • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 52 
VII. CONCLUSIONS ••••••••••••••••••••••••••••••••• 55 
VIII. BIBLIOGRAPHY •••••••••••••••••••••••••••••••• 58 
IX. ACKNOWIEOOMENTS • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 60 
1 
I. INTRODUCTION 
All engineering struotures have one thing in oommon: 
the use of soil or rook as their ultimate support. In ad-
dition, some ot them have soil as an integral part of the 
struoture itself. Therefore soils are an important part of 
engineering oonstruotion. 
Due to inferior s~ructural properties, some soils have 
not been extensively used as support for large or important 
struotures. Sinoe in the past their use has been generally 
avoided, no attempt was made to study the struotural proper-
ties of these soils. However, in the future as land beoomes 
soaroe these soils will out of neoessity have to be used. 
First, however, their struotural properties and how these 
properties vary with other soil variables must be studied. 
Loess, whioh covers large areas of the middle west, is one 
of these soils whose struotural properties have not yet been 
extensively studied. 
Although there is some disagreement as to the defini-
tion of loess, in this report it is oonsidered a soil pre-
dominantly silt in grain size and aeolion in manner ot de-
position. The majority of the work on the undisturbed 
properties of loess has been done by the Bureau ot Reolama-
tion. Although this work on loess inoludes the whole Missouri 
River BaSin, it centers in Nebraska where most of the projeots 
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on loess have been built. The Engineering Experiment sta-
tion at Iowa State College has oonduoted extensive studies 
on the physical properties ot loess, but this report is the 
first study ot its undisturbed structural properties. 
The main object of this initial study was to examine 
undisturbed properties of loess and learn what, if any, oor-
relation exists between them and other properties such as den-
sity, moisture content, gradation, depth, and clay content. 
A second objective. also important. was to find out what ao-
tual stresses loess oan resist. 
Loess subjeoted to stresses from an external load may 
fail in one ot two ways: 
1. Bearing oapaoity tailure. In this type ot tailure 
the soil is unable to support the load without ac-
tual destruotion ot the soil struoture. An example 
is when a section of an earth embankment slips along 
a ourved surfaoe and slides down. 
2. Detrimental settlement. This is the condition 
where a soil consolidates excessively and/or un-
equally so that the struoture cannot operate satis-
faotorily. 
In the case of a bearing capaoity failure the solI fails in 
shear by sliding along an internal surface. A suitable test 
for determining a solls strength against this type of failure 
is the direot shear test. The consolidation test may be used 
to evaluate resistance ot a soil to settlement. 
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II. REVIEW OF LITERATURE 
A. Shearing Strength of Loess 
The shearing strength of a soil is its ability to re-
sist sllding along internal surfaoes. There is, however, no 
one value of shearing strength for a given soil, but rather 
a wide variation of values due to differences 1n moisture 
oontent, density, and the degree of consolidation. The nor-
mally desired laboratory procedure is to attempt to test 
the soil at the weakest oondition in whioh it could or will 
exist in the field. This proves difficult, however, since it 
is extremely hard to reproduce tield conditions in the lab-
oratory. 
The direct shear and the triaxial test are the ~vo com-
mon laboratory methods tor determining shear strength. In a 
direot shear test a constant load is applied normal to the 
shearing plane and another torce is applied parallel to 
this plane. This latter foroe is inoreased until the speci-
men tails. The maximum force that the specimen resists, di-
vided by the cross sectional area, is the shearing strength 
for that soil under that normal loading and under the condi-
tions ot moisture content, density, and degree ot consolida-
tion that prevailed throughout the test. By performing a se-
ries of these tests under similar oonditions, but with a 
different normal load each time, a graph can be constructed 
with the shearing stress as the ordinate and the normal 
stress as the abscissa. The curve thus obtained will de-
pict Coulomb's tormula: 
s = C + N tan ~ , 
in which 
, 
S = shearing stress 
C = apparent cohesion 
N = normal stress 
~ = angle of shearing resistance ot the soil. 
Some authors teel Coulomb's formula presents an over-
simplification ot shearing stress conditions in cohesive 
soils. Lambe states that the cohesion of a soil is not a con-
stant soil property but is a function ot the load carried by 
the soil structure (7). He visualizes that cohesion is a 
maximum when the normal force is zero and then decreases in 
value as the normal force increases to the preconsolidation 
load on the soil. At this point the cohesion is zero and 
the shear envelope changes slope. The new slope of the line 
gives the actual friction aLgle ~ of the soil under the test 
conditions. 
In the triaxial test the specimen must be cylindrical. 
The cylindrical surfaoe is covered by a rubber membrane, and 
a fluid pressure is applied to the membrane and usually kept 
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constant while the axial load is inoreased until failure. 
The axial load divided by the cross seotional area is the 
maximum prinoipal stress, while the fluid pressure, aoting 
normal to the axial load, is the minimum prinoipal stress. 
Neither ot these stresses is, however, the shearing stress. 
To evaluate the shearing stress one must revert to applied 
meohanics and apply Mohr's theory. By plotting both prinoi-
pal stresses along the absoissa and using their differenoe 
as the diameter, a Mohr circle can be constructed depicting 
the stresses in the sample. By using different fluid pressures 
several Mohr circles can be construoted. It one draws a oom-
mon tangent to these circles it is possible to graphically 
represent Coulomb's formula as it appears on the previous page. 
Although the direot shear and triaxial test are different 
methods of obtaining shearing stresses, a good correlation ex-
ists between the two (7). 
Bureau of Reolamationworkers have written several arti-
cles on the shearing strength of loess (12, 13, 14, 15, 16 
and 17) but Clevenger (2) recently summarized their work on 
loess and gave the following conolusions on shearing strength: 
1. Differences in the sand and olay content of the 
loess have only a minor effect on'the shearing 
strength. 
2. The moisture oontent and density at the time ot 
testing control the shearing strength. 
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3. Shear envelopes are generally parallel to each 
other, indicating a constant internal friction. 
4. Wetted, low density speoimens have almost zero 
shearing strength until the effeotive normal 
load reaohes 10 psi. 310~330 
5. Tan ~ usually varies between 0.60 and 0.65. 00-
hesion is zero for wetted, low density loess, and 
between 10 and 20 psi for loess at natural mois-
ture contents. 
The above conclusions were based on the results of triaxial 
shear tests of loess from central Nebraska. 
B. Consolidation ot Loess 
When a soil decreases in volume due to an external 
load, the soll is said to be consolidating and the phenomen-
on is known as consolidation. This decrease in volume could, 
according to Taylor (9), be attributed to three possible fao-
tors: 
1. Compression of the solid matter. 
2. Compression ot water and air within the voids. 
3. Escape of water and air from the voids. 
It can be aocurately assumed that neither the water nor 
the solid matter is compressible. Therefore, it a soil is 
in the saturated state, it 1s possible to conclude that the 
deorease in Boil volume is equal to the volume of water forced 
out of the non-oapillary voids. In the case of a partly sat-
urated soll the decrease in volume is due to both water and 
air being forced out of the voids and by entrapped air be-
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ing oompressed. Since this second case is very complicated, 
present day theory considers only the first or saturated 
conditio~, which is usually the case for olays. 
The previous mentioned consolidations are generally re-
ferred to as primary consolidation, whereas a plastic deform-
ation of the soil under a oonstant load is called seOOndary 
oonsolidation. This secondary consolidation ocours muoh 
later in the soil and is usually far less in magnitude than 
primary consolidation. 
The theory of oonsolidation, first proposed by Terzaghi 
(9), is based on a stress-strain-time relationship for the 
primary consolidation of saturated soils. His theory also 
assumes that primary consolidation oauses only vertioal drain-
age of the pore water and is a one-dimensional oompression. 
This is the case in the laboratory when the oonsolidation 
test is run, but it isn't always true in the field. The 
weights of buildings cause compressions at Shallow depths 
that are definitely three-dimensional, while in a deeply bur-
ied strata or under large tills they are essentially one-
dimensional (9). 
Beoause of its unusual nature, loess doesn't always 
fit the assumptions of the Terzaghi theory. Due to its high 
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permeability loess seldom ocours saturated in the field. and 
in most instanoes where this would ocour it is doubtful that 
loess would adequately support anrth1ns. exoept possibly 
minor struotures, without excessive settlement. Olevenger 
(2) stated tho following general opinions on consolidation 
at 100as: 
1. Potential settlement of a loess foundation 1s go'V-
erned largely by the in-plaoe density and the 
high9St moisture oontent attained by the so11. 
2. jt low moisture oontents (15~ or loss) natural 
loess will support the normally assigned loads 
for silty soil reegrdlesB of density. At high 
natural moisture (above 201) the supporting oa-
pacity depends on the density. 
3. At high natural moisture or it saturated: 
a. Low d~nsity loess (below 80 p.c.f.) set-
tles exoessively. 
b. Medium density 108S8 (80 - 90 p. c. f. ) 
varies in consolidation. 
o. Hlgh density loess (above 90 p.c.f.) does 
not settle exoessively due to moisture and 
can be treated 9S ordinary silt. 
4. l\ loess soil consolidates about the sanle whether 
it is pre-wetted or is wetted after loading. 
Peck end Ireland (8) disagree with some ot Olevengerts 
oonclusions. They feel that there is no distinct correla-
tion between structural strength and denSity, grain size, or 
penetration resistance for loess deposits throughout this 
country. They also have data showing that a grain elevator 
dId not settle excessively although the natural moisture con-
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tent was twenty-three percent, or well above the l;~ maximum 
ot Clevenger. Peck and Ireland also suggest that when loess 
is used as support tor a toundation, the soil should be pre-
vented from increasing its moisture content and that the de-
sign should then be based on the natural moisture content. 
It this 1s done, Terzagh1's theory ot consolidation cannot be 
applied, although consolidation curves can still be ot value. 
The consolidation curves can be related to tinal primary con-
solidation only, since time intervals do not apply. Peck 
and Ireland suggest a method to estimate the allowable soil 
pressure on loess; the break in the e-log p (void ratio !! 
logarithm ot pressure) consolidation curve is taken as an 
ultimate load value, and a safety tactor is applied based on 
judgment. They also suggest, as an alternate method, using 
the load oausing a settlement at one-halt inch for a one toot 
square loading plate. 
Holtz and Gibbs (;) stated that two things cause loess 
to break down and oonsolidate: load and moisture. Under mod-
erate or light loads, moisture is ot great importance, while 
under heavy loads moisture is ot less importanoe. They also 
noted that in some oases, loess at low density underwent con-
siderable oonsolidation even though it was at a low natural 
moisture. 
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c. Other Properties ot Loess 
Permeability is another distinctive property ot loess. 
In general, permeability ot low density loess is quite high 
and decreases in value as the density increases. Permeabil-
ity ot loess is also tar greater in the vertical direction 
due to tubular rootlike holes whioh predominate in that direo-
tion (4). Terzaghl (10) is of the opinion that the permeabil-
ity ot loess oan be acourately studied only by the use ot air, 
sinoe water would cause a breakdown ot its struoture. 
Another outstanding property ot loess is its very feeble 
resistance to erosion in both the natural and oompacted state. 
Olevenger (2) teels that this can be minimized by using 
slopes as steep as possible (i : 1 in many oases). Holtz and 
Gibbs (5) suggest slopes ot one-fourth to one for heights up 
to thirty-five teet,- one-half to one up to fifty-tive teet, 
and three-fourths to one for higher slopes. 
When loess is being used as a foundation material 1n 
embankment construction, three possible prooedures have been 
suggested by the Bureau of Reclamation (4). 
1. Partial or oomplete removal of loess in the founda-
tion. 
2. Saturation ot the loess foundation soils by ponding 
or with well points prior to construotion in order 
to induoe the maximum settlement during construo-
tiona 
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Oonstruction ot the embankments with the materials 
at such a moisture content as to render them plas-
tic, so they will rupture and conform to the toun-
datlon as settlement takes place. . 
Another construction procedure to improve the properties 
of loess is silt injeotion or grouting. The Oorps ot Engin-
eers used this suooessfully in oonstruotion ot a dam in 
Nebraska. A slurry ot 95~ loess and 5~ bentonite was pumped 
under pressure into the loess. The purpose of this grouting 
was to reduce consolidation and prevent· formation ot cavi-
ties oaused by differential consolidation. There is also 
the possibility ot using some form ot soil stabilization to 
improve in-place loess. So tar the most suocessful method is 
based on injeotion or saturation with sodium silioate. 
1:; 
III. SOILS 
Five Wisconsin age loess samples from western Iowa were 
used in this investigation. The first three (49 B-1, 49 
B-2, and 49 B-3) were taken at different depths from the 
same site. This location along with a fourth (8, Bl and a 
fifth (97 B) lie approximately in a line parallel to what 
had been conjeotured to be the prevailing winds at the time 
of deposition (6). Along this line, as the distance from the 
Missouri River floodplain increases, the density and clay oon-
tent of loess inorease, while the mean part.iole size and thiok-
ness of the deposit deorease. (Therefore, by taking samples 
along this line parallel to the prevailing winds, correlations, 
i~ they exist, with the above variables oan be found.) 
The first three samples, at looation 49 B, were taken at 
different depths so that density (actually preoonsolidation) 
variations oould be studied independent of the other variables. 
Cut 49 B is located just east of U~S. Highway Alternate :;0 in 
Harrison County adjacent to the Missouri River floodplain. 
It 1s a relooation ot the type locality of the Loveland loess 
(:;), which is an older pre-Wisoonsin buried loess. Looation L.,.~.; .. 
::~b 49 B-1 samples were taken at a depth ot from 10 to 11 teet,~-' 
~~~9 B-2 samples were from 76 to 77 feet, and 49 B-:; samples ~~ 
were trom 134 to 1:;, feet. Their oorresponding average den-
sities ot 74~:; pet, 79., pet, and 84.0 pot show a large varl-
:.. •. 1'V O () 
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ation in density due to the increasing preconso1idation with 
depth, One peculiar faet was that sample 49 B-1 had a notice-
ably higher clay oontent than samples 49 B-2 or 49 B-3t 
This is contrary to theory and was not due to a soil profile 
development. Surface soil would be mapped in the Hamburg 
serles, a Regoso1 with no zone of clay accumulation. Sample 
49 B~3 is h"_c?!!Ll~rm,da1e.J~~l"ly WisconsinLloe'ss .. separated ~.S. it 
.. - 1\ ',-, L~j" \0-" 
trom the overlying 10.efls by a weak pl!':.~eosol. Its compos i- ..... e 
tion is very similar to 49 B-2. 
Samples from 8, B, which were taken at a depth ot from 
10 to 11 teet, show higher clay contents and a higher density 
(78~, pet) than location 49 B tor a comparable depth. This 
was expeoted since location 85 B is in the eastern part of 
Harrison County. The soil series at this location is the Ida. 
Samples trom location 97 B show still higher clay oon-
tents and a further increase in density, to 80 pct. The in-
crease in density would probably have been slightly larger if 
the samples could have been again taken from a depth of 10 
to 11 teet, but due to the limited thickness of loess, the 
samples were trom a depth of 7 to 8 teet. Location 97 B is 
in Cass County, and the soil series is the Marshall. Loess 
was not sampled farther east in western Iowa since it occurs 
only as thin deposits on the tops of hills. 
Data on the loess soils can be tound in Tables land 2. 
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Table 2. Physical properties of soil / 
.' ... ~~ 
Iii' 
tyl' 
Sample 
no. 
Textural comp. 
10 by weighta 
Sand 
Silt 
Clay .5p 
Clay 2JJ 
11)-1, ~~ 
49 B-1 
1.0 
78.7 
20.3 
16.2 
Colloidal lp14.0 
Textural class-
ifioationb Silty 
clay loam 
Predominate clay 
Mineral from 
X-ray diffraction 
Carbonates 
from D. T. A. c 8.3~ 
l\Verage den- ,"11,3 
sity in pcf. ~ 
1 ("-17 fl-
49 B-2 
1.1 
84 • .5 
14.4 
12.3 
11.3 
Silty 
loam 
1'!A'I~\' ,t, 
49 B-3 
1.3 
83.7 
1.5.0 
13.2 
12.2 
Silty 
IO-Q ~~. 
8.5 B 
.6 
73 • .5 
2.5.9 
21.3 
19.3 
Silty 
loam clay loam 
Montmorillonite 
16.2~ 11.51. 4.6~ 
79, • .5 84.0 78.6 
/ I 
. 
l .. ~ \~. 
97 B 
1.6 
68.4 
30.0 
2.5.0 
23.1 
Silty 
clay 
4 • .5~ 
80.6 
aSand - 2.0 to 0.074 rom., silt 0.074 to 0.00.5 rom. 
bTextural olassification based on the Bureau of Public 
Roads system exoeft that sand and silt sizes are separated 
by no. 200 sieve 0.074 mm.) 
°Based on Cs C03 
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IV. TESTING PROCEDURE 
A. Obtaining Test Spec~ens 
In order to test truly undisturbed soil, speoial care 
must be taken in obtaining and preparing the soil samples. 
Cardboard containers 6 3/4 inches in diameter by 6 1/2 inohes 
high were used to transport the soil samples from the field 
back to the laboratory. However, before being filled with 
samples, the cardboard containers and their oovers were coated 
on the inside with paraffin wax to prevent moisture loss from 
the samples. 
Vertical or near-vertical cuts were seleoted for sampling 
and the protiles were oleaned ott and described. Sampling 
depths were ohosen for samples to be from caloareous parent 
material. A small oave was then dug about two feet horizontal-
ly into the face of the out just above the proposed depth at 
sampling. The samples were out from the material at the rear 
of the oave to minimize alteration by freezing and thawing 
or contaminatio~ by material eroded down from above. Using 
the oave floor as the sample top, carving was then done down-
ward to leave a pedestal cut to the inside dimensions of a 
cardboard container. The container was gently forced down 
over the pedestal, which was then out otf at the bottom, 
turned over, and trimmed flush. The cover was then marked 
18 
to show the srunple looation, and placed on the oontainer. 
·After being returned to the laboratory, the containers and 
covers were sealedtogethor with paraffin wax. The samples 
were then stored to await use. 
~~en a test was to be run, one of the desired soil sam-
ple containers was out open and the soil removed. Actual 
size test speoimens were then oarved from the large sample. 
Usually three or four cottld be obtained from one cardboard 
oontainer. Test specimens to be used in the direot shear test 
were 2 1/2 inohes in diameter by about 1 1/5 inches high. 
Consolidation test speoimens were made 2 1/2 inches in diame-
ter by 1 inch high. The test samples not for ~ediate use 
were stored in a new cardboard oontainer or in a moisture 
room (95~ relative humidity). 
B. Direot Shear Test 
1. Apparatus 
There are two methods for running a direct shear test: 
1. By increasing the shearing force at a given rate. 
2__ By increasing the shearing displaoement at a given 
rate. 
The first is called a stress-controlled unit, while the sec-
ond is called a strain-controlled unit.· The apparatus used 
here was of the strain-oontrolled type. 
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Figure 1. Final carving of the loess pedestal prior to 
foroing down the cardboard oontainer 
Figure 2. Location 49 B in Harrison County 
20 
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In the apparatus used, an eleotrio motor oauses the 
lower half of the shear box to move horizontally outward, the 
rate of the displaoement being controlled by a gear box and 
transmission. The upper half is held in place by a horizontal 
arm and yoke conneoted to a calibrated proving ring. An ex-
tensometer, in recording the proving rings deflections, gives 
dial readings from which the shearing resistance can be oal-
oulated. The aotual horizontal displacements of the sample 
are measured by a second extensometer. The normal foroe is 
applied through a lever system the same as in the consolida-
tion test. 
Three types of direct shear tests can be run in the lab-
oratory: 
1. A quiok test where the speoimen is neither allowed 
to consolidate or drain, 
2. An intermediate test where the specimen is all~ved 
to consolidate but oan not dra in, and 
3. A slow test where the specimen can both oonsoli-
date and drain. 
The aotual time interval required for each of the above tests 
varies with the permeability of the soil tested. For a com-
plete discussion of the above tests refer to W. Lambe (7). 
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A slow test was run for the data presented in this report. 
The test was performed with the following steps: 
1. The sample was placed in the shear box. 
*2. Water was added to the sample until it became satu-
rated. 
3. The normal load was applied. 
4. A two hour interval was allowed so that the soil 
sample could consolidate. 
**5. The shearing force was applied with a rate of dis-
placement of 0.02 inches per minute. 
6. Readings were taken every 15 seconds for the first 
2 1/2 minutes, and then every 30 seconds until 
failure. 
7. The sample was removed and its moisture content 
measured. 
C. Consolidation Test 
1. ADparatus 
There are two methods for loading consolidation speci-
mens: by a jack loading device where the load is measured by 
*Step 2 was omitted when the sample was not tested in 
the saturated state. 
**The rate of shearing displacement was faster than that 
normally used in the slcwi test but was believed to be satis-
factory due to the high permeability of loess. 
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a platform scale, or by a lever system where the load 1s ap-
plied by hanging known weights. There are also two types of 
soil containers (7) in which the sample can be placed: a 
fixed-ring container where the samples movement relative to 
the container is downward, and a floating-ring container 
where compression ocours toward the middle of the sample, from 
both the top and bottom. The apparatus used is shown in Fig-
ure 3. It has a fixed-ring oontainer and a lever loading sys-
tem such that the actual load on the sample is ten times the 
weight of the load hung on the end of the lever arm. 
2. ~ 
The test was performed in the following manner: 
1. The sample was plaoed in the fixed-ring container 
with porous plates above and below it. 
*2 a. Water was added to the soil sample in order to 
saturate it. 
b. Slightly moist cotton was placed around the out-
side of the top porous plate. 
3. The initial dial reading was reoorded and the first 
increment of load was applie~. 
4. Dial readings were taken about every half hour to 
determine when the primary oonsolidation for that 
loading was nearing completion. ~~en the rate of 
*In testing saturated samples step 2b was omitted, While 
tor samples tested at moisture oontents below saturation step 
2a was omitted. 
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Figure 3. Consolidation apparatus 
Figure 4. Direct shear apparatus 
25 
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consolidation became so slow that further consol-
idation would be negligible (less than about 0.0003 
inches per hour), a tina1 reading was recorded on 
the data sheet. The time required was two hours 
or less for light loads and trom tour to six hours 
for the heavy loads. 
,. The next increment of load was added, and step 4 
repeated. This was continued until the final in-
crement of load was added. Table 3 gives the in-
crements of loading. 
6. The specimen was completely removed, placed in a 
container, weighed, and placed in the oven. The 
dry density and tinal moisture content were then 
-determined. 
Table 3. Load increments 
Weight on pari 
,00 .gms. 
1 000 ft , -2,000 ft 
3,1,0 ft 
6,300 tt 
12,600 " 
2,,200 n 
,0,400 rt 
Load on sample 
• 161 tons/sq • 
.323 " 
.646 fI 
1.01, 
" 2.030 " 4.060 
" 8.120 
" 16.240 
" 
ft. 
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V. HESULTS AND DISCUSSION ON SHEARING STHENG'l1f 
A. Stress-Strain Relationship 
Graphs showing the stress-strain relationship for the 
five loess soils are shown in. Figure 5. There are three 
types of stress-strain curves associated with western Iowa 
loess: (l) curves where the shearing stress oontinues to in-
crease until failure, (2) curves where the shearing stress 
increases to a maximum and remains approximately at the same 
level until failure, and (3) curves whsre the shearing stress 
increases to a maximum peak and then decreases until failure. 
The first of those curves, where shearing stress in-
creases until failure, occurs most often, and if the need 
arises to designate one curve as most typical, it would be 
this one. This curve is obtained from either saturated or 
natural moisture content loess that is tested at medium or 
high normal loads. 
The second type of cUl've, where shearing stress levels 
off, occurs when the loess is tested with low normal loads. 
The third type of curve is found only with a certain moisture 
condition. Here samples are tested at such low moisture con-
tents that there is a sharp increase in strength (as shown by 
samples from 49 B-3 and 85 B in Figure 7). In this type of 
curve shearing stress reaches a maximum and then decreases 
28 
Figure 5. Typioal.stress-strain ourves for western 
Iowa loess 
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to an ultimate value before failure, and if the ultimate 
value rather than the maximum value is entered on the plot 
there is no sharp inorease in strength. This decrease in 
shearing strength with increasing strain also oocurs under 
oertain conditions in other soils. 
B. Angle of Shearing Reaistance 
Shearing strength envelopes of' the five saturated loess 
soils plus the shear envelope for 49 B-2 tested at l4.5~ 
moisture are shown graphically in Figures 6 and 7. 
An important charaoteristio of these snear envelopes 
is the oonsistent value of tan~. Tan ~ varies from 0.44 to 
0.46, a variation which could be wholly oxperimental. This 
important strength property of the western Iowa loess is 
therefore independent of' other such propertiea aa density, 
clay content, and preconsolidation. It also appears, by ex-
amining the shear envelope for 49 B-2 tested at l4.'~ mois-
ture, that moisture oontent has no effect on the value of 
tan s6. It should be pointed out however that the shear en-
velope for 49 B-3 changed slope under higher normal loads 
and gave a higher value of tan ~. 
Clovenger, in his report on the Bureau of Reclanutions 
work with loess (2), also found that the shear envelopes for 
loess are parallel and thus give approximately equal values 
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Figure 6. Shear envelopes for samples 49 B-1, 49 B-2, 
and 49 B-3 
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Figure 7. (a) and (b) Shear envelopes for samples 85 B 
and 97 B. (c) Moisture content Y!!. shearing 
stress curves for the five loess soils 
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of tan ~, but he stated that tan ~ varies from 0.60 to 0.65. 
This disorepancy is probably due to one or possibly nore of 
the following reasons: 
1. Clevengerts data is based primarily on 10e89 from 
central Nebraska which was derived from a differ-
ent source than the loess in western Iowa. There-
fore, there could be a physical difference in the 
loess. 
2. Clevenger t s data ,vas based on triaxial tests, while 
these tests were by direct shear. 
3. The rate of direct shearing displacement was too 
fast to allow drainage. 
4. Clevenger measured his values of tan rJ with higher 
norIUal loads, which correspond to the upper por-
tion of the shear envelope of 49 B-3. 
The last possibility seems the most probable. An article 
on the properties of loess at the Cambridgo Canal in ~!eb­
raska, where tests were run with normal loads oomparable 
to those used here, gave a value of 0.40 for tan ~ (13). 
Also, the upper portion of the shear envelope for 49 B-3 
gives a value of tan ~ very nearly equal to the values found 
by Clevenger. 
Clevenger also reported a lack of shearing strength for 
saturated low-density (below 80 per) loess if the normal load 
was less than 10 psi. .As can be seen by tho graphs, there 
was no appreciable deviation from the shear envelope for low 
density loess tested at low normal loads, even though some 
tests were run with normal loads as low as 4 psi. 
The break in the slope of a shear envelope, as for sam- } 
ple49 B-3, is usually believed to indicate the pOint where 
the normal load is equal to the natural field preconsolida-
'\ 
tion loading. For samples 49 B-3 the preconsolldation load 
1s calculated as follows: 
Approximate average dry dens.ity in cut above 
49 B-3 == 80 pot' 
i;pproxima te nighest average value of 
moisture content 1n out == 201) 
rNet density :: 96 pet 
Height of out above 49 B-3 
== 
13.5 ft. 
Preconsolidation load 
== 
96xl3.5 
p 
tt n :::: 12,960 psf 
rt fI 
== 
90 psi 
.:~ ~ 't .:< 
The actual break oocurred at a normal load of about 24 psi, ~~b ' 
\-.--------.. --.- .... , 'I., 
which is equivalent to a depth of only 36 feet. This dif- '. \~; ;.-
ference probably indicates that location 49 B-3 had never 
been saturated in the field. Since, as will be explained 
in the disoussion on consolidation, high moisture cont,ents 
greatly inorease the oonsolidation of loess, it is thought 
that by not being saturated the loess at 49 B-3 was never 
." .. > ~ 
". (\ 
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preoonsolidated to the potential afforded by the weight of 
the above material. In running the tests in the laboratory, 
however, the samples were saturated, and this allowed the 
full oonsolidation possible for the applied 'normal loads. 
This phenomenon and its possible applioation will be disoussed 
later. 
C. Cohesion 
Values of oohesion (referred to in this disoussion as 
the value of shearing stress for a normal loading of zero) 
for these five loess soils bring out some important relation-
ships in loess. Regardless of the soil tested, the saturated 
value of oohesion was very low, below 5 psi in eaoh case. As 
the clay content increases, as shown by going from samples at 
49 B-1 to 85 B to 97 B, there is only a slight and insignifi-
cant increase in cohesion. It therefore would appear that 
clay content has no effeot on the cohesion of saturated loess 
of western Iowa. Along with this increase in clay content, 
there is a simultaneous increase in density as the distance 
of the loess from it's source increases. Obviously then, 
either this increase in density also has no effect on the 
values of cohesion, or the density chanee offsets the change 
due to clay content. The latter is believed unlikely since 
normally in soils an increase in density would cause an in-
crease in shearing strength, and an increase in clay content 
would (in a preconsolidated soil) oausean increase incohesion. 
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Since this did not occur, it is thought that most of the addi-
tional clay we~t into the voids in the loose structure of the 
loess as filler material and did not contribute to the binding 
of the loess structure. 
However, density increases due to preconsolidation caused 
a more appreciable increase in cohesion. This effect is shown 
by samples from 49 B-1, 49 B-2, and 49 B-3. Values of cohesion 
increase from practically zero to 1.3 psi and finally to 1.8 
psi as the depth of sampling increased to 135 feet. Actually, 
as was previously mentioned, the loess was only preconsolidated 
to a portion of its potential. Nevertheless the cohesion did 
show an increase. Had the loess been saturated in the field 
so that it could have been completely preconsolidated, the in-
crease in cohesion probably would have been many times greater 
than it actually was. 
Preconsolidation can then definitely be established as a 
factor influencing cohesion. The reason behind this increase 
in cohesion is related to the structure of the loess. It is 
generally accepted that thin clay coatings cover the loosely 
packed silt particles and give loess its bonding strength. In 
preconsolidating the loess, there is a partial breakup of the 
loess structure and the silt particles are forced closer to-
gether. This gives a larger surface area ot contact between 
the particles and thus increases the force holding them to@9the~ 
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A sarles of s3~?lao frQ~ looation 49 r~2 wore tasted at a 
,.,'toioturc content of about 14.5'~. rl'ho values of shoaring stroDD 
in this casn \10rO oonoldol"nbly higllo.r than for samplos tostsll 
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strength with a decreasing moisture content. All five soils 
show a substantial increase in shearing strength as the mois-
ture content decreases from saturation, or about 33~ moisture, 
to about 20~ moisture. The shearing strength then remains 
relatively constant while the moisture content decreases to 
about 1010, where, although not enough samples were tested to 
experimentally prove it for all five soils, there was a sharp 
increase in strength. Since tan ~ remains constant, all these 
variations in shearing strength are due to cohesion, the value 
of whioh is shown by the horizontal line on the graph. As 
the soil decreases in moisture there is a thinning of the water 
films which in turn causes an inorease in bonding. IIowever, 
at very low moisture oontents, ionio oohesion or coherence is 
primarily responsible for oohesion, since many of the water 
films are broken or not touohing all points of oontaot (1). 
Therefore, it is apparent that cohesion should increase with 
decreases in moisture content. 
Although all five soils increased in cohesion with drying, 
a greater increase was observed for the soils with higher clay 
contents. The sharp increase in strength at very low moisture 
contents also seems to vary with clay content, as it occurs at 
a higher moisture oontent for soils with high clay contents. 
Although the meohanism of this sharp increase is not known, it 
may be related to the moisture oontent at whioh ionic forces 
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cause an increase in cohesion. The fact that the soils were 
initially wet and then dried produces maximum contact between 
particles, which in turn causes high ionic cohesion or coherence 
in the dried states. 
E. Design Values 
Probably the most important factor to consider in esti-
mating a design value for the shearing strength of western 
Iowa loess is that tan ~ is a oonstant, a representative value 
for tan ~ being O.~5. The plateau in the shearing strength ~. 
moisture content ourve is another important factor. If, in de-
signing a structure on loess, provisions oan be made to prevent 
the loess from ever becoming saturated, or if the loess is so 
situated and of a high enough permeability that it will not 
become saturated, the plateau value of shearing strength is a 
reasonable design value •. Since it is extremely doubtful it 
loess could be prevented from exceeding a lO~ moisture content, 
the shearing strength values above the plateau are unrealistic 
design values and should not be used. 
If the design value is to be based on a moisture oontent 
in the plateau range, one direct shear test would give enough 
information for estimating this value. By using the formula 
S = C + N tan ~, and substituting the value obtained in the 
test for S and using tan ~ as 0.45, the value of C oan be found. 
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The value of S oould then be determined for any value of N. 
If the value of S is to be based on saturation, no testing is 
required beoause C is insignifioant, an exoeption being if the 
soil was preoonsolidated, where again one test would give the 
value of oohesion. The above statements apply only to the lo-
ess in western Iowa and where the normal loads are below the 
break in the shear envelope curve. 
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VI. RESULTS AND DISCUSSION ON CONSOLIDATION 
Plots of the soil void ratio ~. the log of consolidation 
pressure, commonly called e-log p curves, are shown in Figure 8. 
Some authors suggest the load at the break in the e-log p ourve 
(the point of maximum curvature) as a value by which the oonsol-
idation resistanoe of different -loess soils oan be compared .. 
This point was too obscure to aocurately distinguish for the ~­
soils tested here. Instead, the loads oorresponding to a 3i and 
a ;~ reduotion in volume were used. The volume reduotionwas 
based on the reduction of the total volume and for a linch 
sample would then be 0.03 inches and 0.0; inches respectively. 
The load values corresponding to these volume reduotions do 
not represent suggested design values but are used only as a 
means to compare the different loess samples. Aotual design 
values should be based on the load oorresponding to the break 
in the e-log p ourves, if one exists, or the load correspond-
ing to the maximum allowable settlement depending on the type 
of structure to be built.. A safety factor should then be ap-
plied to this value. Table 4 gives the loads for the above 
volume changes along with the density and moisture content of 
the samples. 
A. Low Density Loess 
Location 49 B-1 gives a good general picture of low density 
loess. Three of the samples (II, III, IV) tested had a density 
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Figure 8. Void ratio vs. log pressure curves for the 
five loess soils . 
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ot about 74.3 pct, and their calculated void ratios are bosed 
on this average value. The other sample (I), tor some unknown 
reason, had a density ot only 70.5 pet, and its e-log p curve 
was based on this value. This variation between the two den-
sities is quite large and clearly shows the effect of density 
on consolidation. Although sample I was tested at an extreme-
ly low moisture content, its consolidation was quite high. 
The loads corresponding to a 310 and a 5~ volume reduction were 
0.44 tons/sq. ft. and 1.42 tons/sq. ft. Had reductions in 
these values been made (due to a higher natural moisture con-
tent in the field), and a safety factor applied, the allowable 
design load for this loess would have been almost zero. It 
seems plausible then that unless some form of stabilization 
such as silt injection or preconsolidation is used, loess with 
a density ot about 70 pcf or lower is unsuited for supporting 
a structure without excessive settlement. 
A second sample (II), from location 49 B-1 was tested at 
about the same moisture content, but having a higher density 
it had a much greater resistance to consolidation. The load 
values, at volume reductions of 3~ and 5~ are 2.85 tons/sq. 
ft. and 5.8 tons/sq. ft." or in each case more than 4 times 
the load values of sample I. How'ever, when the moisture 
content is increased to l4.6~, a moisture content about or 
slightly above the moisture content that could be maintained 
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as a max~um in the field, the strength is reduced to prac-
tically nothing. This soil exhibits a rapid decrease in 
oonsolidation resistance as the moisture content increases 
to about l5~. From here the resistance decreases only slight-
ly until the sample reaches saturation. It therefore seems 
that although at very low moisture contents the soil is 
capable of sustaining loads without excessive settlement, 
it loses this strength too rapidly when wet to be of much 
use as a supporting medium for a large structure. 
B. Preconsolidation of Low Density Loess 
Locations 49 B-1, 49 B-2, and 49 B-3 clearly show the 
effect or preconsolidation on the future consolidation of 
loess. However, due to the irregularities of the curves there 
is no olear point of maximum curvature or in some instances 
no straight portion of the curve, and it was impossible to 
locate the actual preconsolidation load with any degree of 
accuracy. Location 49 B-2 was substantially stronger than 49 
B-1 regardless of the moisture content at which they were 
compared. At high moisture contents the corresponding loads 
were twice as high for 49 B-2, which had a density ot 79.5 
pcr compared to 74.3 pcf for 49 B-l. 49 B-2 sample III 
tested saturated, had approximately the same consolidation, 
less resistance at light loads and more resistance at heavy 
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loads, as sample II whioh was tested at only 16.210 moisture. 
This means that moisture content has virtually no effect on 
consolidation of location 49 B-2 unless the moisture falls 
somewhere below 1610. There is also less total effect from 
moisture in location 49 B-2 than in that from 49 B-1 samples, 
which had no preconsolidation. 
Looation 49 B-3 shows the effect of further preconsolida-
tion and in two of the samples tested (II and III) the density 
was inoreased to about 84.0 pcf, while another sample (I) had 
a density of only 82.1 pof. Although the density had been in-
oreased, there was no significant ohange in the resistanoe of 
the lowest moisture oontent sample when compared to a 49 B-2 
sample at the same moisture. However, as the moisture content 
inoreased, the resistanoe of 49 B-3 became twioe that of 49 
B-2. Also to be noted is that sample III of 49 B-3, which was 
tested saturated, had slightly higher load values than sample 
II which was tested at only 11.7~ moisture. It becomes ap-
parent then that moisture content loses its importanoe on load 
values exoept at very low moisture oontents. 
By examining values of all three looations at once, a 
trend is apparent. The inorease in density from 70.5 pcf to 
74.3 pcf shmvs an inorease in strength for low moisture oon-
tents but as the density further increases to 84.5 pof there is 
no further significant inorease in resistanoe to consolidation. 
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However for high or even medium moisture oontents, from sat-
uration down to around 1.5~ moisture, the load values quadruple 
as the density changes from 74.3 pof to 84 • .5 pot. The point 
above whioh moisture content is no longer important in af-
feoting these load values also changes, deoreasing down to 
below 11. 7~ for the highest density •. 
Both location 49 B-2 and 49 B-3 have a high enough re-
sistance to consolidation to satisfactorily support a struc-
ture, although in the case of 49 B-2 there would be the 
necessity of preventing the moisture content from exoeeding 
about 1.5~. For 49 B-3 the load values are high, even when 
saturated, and it would not be worth while to try to reduce 
the field'moisture oontent unless it could be kept below· 10~ •. 
An interesting point conoerning location 49 B is that 
the final void ratio of all the samples (49 B-1, 49 B-2, and 
49 B-3) tested was about the same. This shows that the 
initial portion of the curve for the preconsolidated samples 
is aotually a recompression curve and when the load exceeds 
the preconsolidation load the curves are similar. This corre-
sponds to the theory of oonsolidation as related to preoonsoli-
da ted clays. 
c. Medium Density Loess 
Looation 8.5 B, with a density of about 78 • .5 pet, shows 
some differenoe in consolidation values compared to 49 B-1. 
51 
Although low moisture load values corresponding to the 3~ 
and 5~ volume reductions are similar for the two soils, the 
effect of increasing the moisture content is a gradual loss 
in consolidation resistance as the moisture content increases 
to saturation, whereas in 49 B-1 the effect of moisture was 
almost fully realized by the time the moisture content reach-
ed l5~. However, by the time saturation is reached, the load 
values of 85 Band 49 B-1 are again similar. The effect of an 
increased density and clay content, related to distance from 
the loess source, is only to have the decrease in consolida-
tion resistance more gradual as the moisture content increas-
es and therefore have higher load values at the intermediate 
moisture contents (about 121 to 25~ moisture). 
Location 97 B, showing a further increase in density and 
clay content, was tested only at higher moisture contents. 
Since this soil's clay oontent is quite high, it is doubtful 
if this soil could exist in the field at low moisture oon-
tents. Location 97 B seems to show a general increase in 
resistance to consolidation throughout the moisture contents 
tested. This seems especially true for saturation, where its 
load values are three times those of 85 B. 
Both location 97 Band 85 B have fair supporting strength 
if the moisture content is kept at values well below satura-
tion •. Therefore if provisions are made in the field to keep 
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the soil from inoreasing its moisture oontent, these soils 
are, to some extent. capable of supporting a struoture with 
light loads without exoessive settlement. Sinoe looation 
97 B gives the highest saturated load values of the three un-
preoonsolidated soils, the necessity of keeping its moisture 
oontent below saturation is not as ~portant as for the other 
two, although it still is highly benefioial. 
D. Summary 
By examining the e-log p ourves tor all five soils, a 
few trends beoome apparent and are worthy of disoussion. One 
apparent faot is that practically all the samples tested showed 
an espeoially large drop in void ratio with the first inorement 
ot load. This immediate large deorease in volume was men- . 
tioned previously as an initial breakdown of the loess struo-
ture. Since as shown by the ourves, the lov/er the moisture -.;;:-
oontent the less the initial ohange, the amount of breakdown 
in structure is direotly related to moisture oontent. How-
ever, tor loess at low moisture contents the remaining break-
down in struoture is thought to ooour at higher loadings. The 
shear stress envelope tor 49 B-2, tested at 14.61. moisture, 
had a break in the curve whioh may be explained by this theory. 
Another moisture variable that could relate to the amount 
of oonsolidation is the eftect of adding the moisture at dif-
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ferent tfmes in the loading curve. This effect was studied 
by comparing samples saturated throughout the test with sam-
ples wetted after the final increment of load. The addition-
al final consolidation caused by the addition of water is 
shown as the vertioal dash line below the final load inorement. 
Test data clearly show that the consolidation is about the_ -:f:::--
same as when the sample is continuo\lE!ly .... sat,urated. Sample I 
, •• ~.. •• _. • - -.. ..,.- • .-. ~--.~.,-.-".- ••• ,,-.,...-~.~.--~ ••• ",' .,- ,. • • ". • .< •• ~' ," 
of 49 B-3 seems to disprove this, but it must be remembered 
that this sample had an initially lower density than sample 
II or III, and this was the cause of its higher consolidation. 
Density also plays a Significant part in the overall 
picture of loess. Although increased density failed to show 
any substantial effeot on the e-log p curves for samples 
tested at low moisture contents, density did give a great in-
crease in consolidation resistance for saturated samples. 
This additional resistance of saturated loess occurred regard-
less of whether the increase in density was due to preconsol-
idation or distance from the souroe area. 
Due to the increase in strength of loess with preconsol-
idation, both in consolidation resistance and shear strength, 
it would seem that this would be an important method by which 
the struotural properties of loess could be improved. Of 
particular importance is the fact that the full effect of 
preconsolidation is not taken in account unless the soil in 
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the field has been saturated. If the loess will become 
saturated after construction is completed, as in a dam, con-
solidation could be greatly reduoed by saturating the loess 
before oonstruction began. 
.5.5 
VII. CONCLUSIONS 
The following conclusions pertain only to the loess 
tested for this report: Wisco~sin age loess from western 
Iowa. These conclusions mayor may not apply to loess from 
other areas of this country. 
1. The angle of shearing resistance for loess is a 11 (J /1,/_ (1 
/' -'J/V . ~"tTr 
constant for normal loads below about 2.5 psi re-
gardless of density. clay content, preconsolida-
tion, or moisture content. The values are: 
I> = 24~2 
ta n r/> =. O. 4.5 
2. Preconsolidation is the only variable that affects 
the value of cohesion of saturated loess. ·If there 
Is little or no preconsolldation, cohesion is zero. 
Therefore for saturated loess that has had only 
insignificant preconsolidation, Coulomb's formula 
for shearing stress reduces to: 
S = 0.4.5 N 
3.a.As the moisture content of loess decreases from 
saturation to about 20~, there is a substantial in-
crease in cohesion. This increase in cohesion is 
somewhat higher for loess with higher olay contents. 
b.As the moisture oontent deoreases from 20~'to about 
lO~, cohesion remains relatively constant. 
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c.At a moisture oontent of about 10~ there is a 
very sharp inorease in oohesion that is probably 
due to ionic attractions between clay partioles. 
4. At low moisture contents (below 81.) loess gener-
ally has an average resistance to consolidation. 
In this moisture range there is no significant 
variation in resistance due to differences in den-
sity, degree of preconsolldation, or clay content. 
An exception is extremely low density loess (70 
pcf and lower) which consolidates excessively re-
gardless of moisture content. 
5. There is a large decrease in the resistance of loess 
to consolidation as the moisture content increases. 
This is especially true for low density loess. 
6.a.For loess samples with low olay contents there is no 
further reduction in resistance to consolidation 
above about l5~ moisture. 
b.For loess samples with higher clay contents there 
is a continuous decrease in strength with increas-
ing moisture contents until saturation is reached. 
Although this reduction in strength occurs over a 
larger range of moisture contents, the total reduc-
tion is probably about equal to or possibly less 
than that for loess with lower olay contents and 
the same density. 
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7. Although preconsolidat1on fails to signi~icantly in-
crease the resistance of loess to conso11dation at 
low moisture contents, it substantially increases 
the resistance of saturated loess. 
8. For saturated loess the higher the natural density 
the greater the resistance to consolidation. (This 
is thought to apply only 'when comparing loess from 
the same source. Therefore a loess with a density 
of 82 pcf from one source may have a greater resis-
tance than one with a density of 85 pef from another 
source. ) 
9~ lIost loess deposits in the field are not preeonsoli-
dated to the potential afforded by the weight of 
the above material, suggesting that they have never 
been completely saturated. 
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